phosphorylation of Plin leads to rapid release of Abhd5 from Plin (3, (9) (10) (11) . Additionally, knockdown of Abhd5 reduces both basal and stimulated lipolysis (11, 12) , although whether this effect involves interactions with Plin has been questioned (12) .
Although these data are consistent with the general model, there are no data demonstrating that 1) the interaction of Abhd5 with Plin and Atgl is mutually exclusive (that is, Plin suppresses the interaction of Abhd5 with Atgl), or that 2) phosphorylation of Plin promotes the physical interaction of Abhd5 with Atgl. In fact, an alternative model has been described whereby Atgl regulates basal, but not stimulated lipolysis (1) . According to this model, basal lipolysis is stimulated by a ternary complex containing Plin, Abhd5 and Atgl. Furthermore, the model proposes that Abhd5 is not involved in PKA-stimulated activation of Atgl because it is released into the cytoplasm upon Plin phosphorylation.
In the experiments detailed below, we examined the functional interactions among Plin, Abhd5 and Atgl using RNA interference, as well as a panel of dynamic protein-protein interaction assays. Results from these experiments indicate the interaction of Plin and Abhd5 regulates basal and stimulated lipolysis. Protein complementation assays indicate that the interaction of Abhd5 with Plin and Atgl is mutually exclusive, and that its interaction with Plin predominates in the basal state. We identify the PKA phosphorylation sites on Plin that are necessary for releasing Abhd5, and further demonstrate that phosphorylation of these sites mediates the PKA-dependent interaction of Abhd5 with Atgl. Finally, we show that that the PKA-dependent interaction of Abhd5 and Atgl occurs mainly on lipid droplets containing Plin.
EXPERIMENTAL PROCEDURES
Generation of fluorescent fusion proteins and protein complementation constructs. Construction and validation of fluorescently-tagged proteins and bimolecular fluorescent complementation (BiFC) partners have been described (3, 13) . The Venus variant (14) of the EYFP C-terminal complementation fragment was generated by PCR using plasmid DNA as a template (supplied by Dr. Michael Davidson, Florida State University). The generation of Gaussia princeps luciferase protein complementation constructs (15) has been described (16) . Mutation of PKA phosphorylation sites 1-4 (S81, S222, S276, S433) and site 5 (S492) and site 6 (S517) in Plin was performed by PCR.
Subcellular colocalization of fluorescently-tagged proteins. Cos7 were transfected with Plin-EYFP, Abhd5-Cherry and ECFP-Atgl, incubated with oleic acid (200 M complexed to BSA) overnight to promote lipid droplet formation, and imaged live the next day.
Luciferase protein complemention analysis. Cos7 or 3T3-L1 preadipocytes were grown in 24 well plates and were transfected in quadruplicate with N-and C-luciferase fragments fused to Atgl and Abhd5 along with wild type or phosphorylationdefective Plin, or various controls, as specified in the figure legends. For competition experiments, N and C complementation probes were cotransfected with competitors (ECFP-ADRP, or ECFP or Plin-ECFP) at a plasmid ratio of 2:2:1. Following transfection, cells were cultured for 18-24 hours in media containing oleic acid.
For experiments examining the effects of PKA activation, media was replaced with 1 ml of DMEM lacking phenol red, and cells were treated with DMSO (vehicle control) or with a mixture of forskolin/ IBMX (2 M/200 M final concentration) for 1 hour. Luciferase activity was determined as previously described (16 Image analysis. FRET was performed using the three filter method and net FRET calculated using the FRET extension of IPlabs software as previously described (3) . To quantify the BiFC signals, the subcellular domain containing Plin-ECFP LDs was defined for each frame using the autosegmentation tool of IPlabs, and the net (totalbackground) fluorescence intensities of those pixels in the EYFP (BiFC) channel was summed for each frame. Background fluorescence was determined by the mean fluorescence intensity of an area immediately adjacent to the cell of interest. Total intensities were normalized to basal BiFC value for each cell, then averaged for presentation.
siRNA knockdown and lipolysis in 3T3-L1 adipocytes. 3T3-L1 adipocytes were maintained and differentiated in 10 cm plates as previously described (13 (16) and Plin (13) was performed on the same wells used in lipolysis assay to confirm the level of knockdown.
Statistical analyses. Statistical analysis was performed by analysis of variance and group means were compared by Bonferroni's test.
RESULTS

The interaction of Plin with Abhd5 predominates in unstimulated cells and inhibits the interaction of Abhd5 with Atgl. Previous immunochemical analyses have shown that endogenous Plin and
Abhd5 are colocalized on LDs in the basal state, whereas Atgl is found both in the cytosol and on LDs (3,9,10). Furthermore, PKA activators reduce the colocalization of Abhd5 with Plin, while improving its colocalization with Atgl. Although these morphological results are generally consistent with the sequestration-release model, they did not provide proof for the model because they fail to address specific protein-protein interactions at the molecular level. Thus, many key tenets and predictions of the sequestrationrelease model remain untested.
In this study, we generated a panel of fluorescently-tagged proteins and devised sensitive protein-protein interaction assays to investigate the interactions of Plin, Abhd5 and Atgl in live cells. Cos7 cells were triply transfected with Plin, Abhd5 and lipase-inactive (S47A) Atgl that had been tagged with distinct fluorescent proteins. Wild type and lipase-inactive Atgl are targeted identically (16, 17) , whereas use of inactive Atgl avoids confounding effects of lipase activity on intracellular lipid droplet content (16) . As expected from previous analysis of endogenous proteins, Plin-EYFP and Abhd5-Cherry were highly colocalized on LDs ( Figure 1A ). In contrast, ECFP-Atgl was both cytosolic and on LDs; however, its colocalization with Abhd5-Cherry was very poor. Thus, although Abhd5 can interact with both Plin and Atgl, its interaction with Plin predominates in cells. To explore this directly, we compared binary interaction of Abhd5 with Plin or Atgl using luciferase protein complementation (PC) assay. As shown in Figure  1B , the interaction of Abhd5 and Plin reconstituted 6 times more activity than did the interaction of Abhd5 with Atgl (p < .001) and reflected differences in the subcellular colocalization of the fluorescent proteins.
The above results indicate that the interaction of Abhd5 with Plin predominates over its interaction with Atgl under basal conditions, and suggests that the interaction of Abhd5 with Plin and Atgl might be mutually exclusive. If the interaction of Abhd5 with Plin and Atgl is mutually exclusive, then expression of Plin should reduce the interaction of Abhd5 with Atgl. If, however, if Abhd5 can bind Plin and Atgl simultaneously, then the presence of Plin should not influence Abhd5-Atgl interactions. We tested the mode of Abhd5 interactions using luciferase and fluorescence complementation assays in transfected Cos7 cells. As shown in Figure 1C , expression of Plin-ECFP suppressed Abhd5-Atgl luciferase complementation by 72% compared to the lipid droplet protein Adrp (P < .01). Similarly, Plin-ECFP suppressed Abhd5-Atgl fluorescence complementation by 85% compared to ECFP ( Figure 1D , P< .01). These data strongly indicate that the interaction of Abhd5 with Plin and Atgl is mutually exclusive in cells.
Mutation of PlinA PKA sites 5 (S492) and 6 (S517) prevents rapid dissociation of Abhd5 from Plin after forskolin/IBMX treatment. Plin phosphorylation rapidly decreases the molecular proximity between Plin and Abhd5 on LDs, as determined by FRET (3) . Mouse PlinA has 6 consensus PKA phosphorylation sites that are thought to contribute to various aspects of Plin function (1, 4, 18) . To gain further insight into this regulation we mutated specific PKA phosphorylation sites on Plin and examined the effects on Plin-Abhd5 interactions in live cell 3T3-L1 cells. As shown in Figure 2 , forskolin/IBMX rapidly decreased energy transfer between ECFPAbhd5 and Plin-EYFP. Mutation of PKA sites 1-4 had no effect on forskolin-induced disruption of FRET between Abhd5 and Plin, indicating involvement of PKA sites 5 and/or 6. Independent mutation of site 5 or 6 had no effect on forskolininduced inhibition of FRET; however, forskolininduced changes in energy transfer were absent when both sites were mutated. These results identify sites 5 or 6 of PlinA as necessary, and likely sufficient, determinants of PKA-dependent regulation of Plin-Abhd5 interaction.
Mutation of PlinA PKA sites 5 (S492)and 6 (S517) prevents forskolin/IBMX-dependent association of Abhd5 and Atgl. The sequestration-release model predicts that phosphorylation-dependent release of Abhd5 by Plin will facilitate the interaction of Abhd5 with its target lipase. This hypothesis was tested in protein complementation assays using wild type and phosphorylation-defective Plin mutants, as well as a mutant Abhd5 (E262K) that has greatly reduced interaction with Plin ((10) and Supplementary Figure S1 ).
As shown in Figure 3A , forskolin/IBMX treatment increased the interaction of Abhd5 with Atgl by nearly 3-fold (p <.001). The effect of PKA activation was absent in cells expressing Plin that cannot be phosphorylated by PKA, as well as in cells expressing E262K Abhd5, which binds poorly to Plin. These data demonstrate that the PKA-dependent regulation requires the interaction of Abhd5 with Plin and the phosphorylation of one or more PKA sites on Plin. We next investigated the Plin phosphorylation sites that mediate the increase in Abhd5-Atgl interaction, and found that single mutation of sites 5 or 6 had no effect, whereas mutation of both of these sites prevented stimulation of Abhd5-Atgl interaction by forskolin/IBMX ( Figure 3B) . Similar results were obtained in 3T3-L1 preadipocytes, in which FRET experiments were performed (Supplementary Figure S2 ). These data demonstrate a common molecular basis for the PKA-induced dissociation of Abhd5 from Plin, as determined by FRET, and its association with Atgl, as determined by luciferase complementation.
The Plin-dependent interaction of Abhd5 and Atgl occurs mainly on lipid droplets. It is not known where the PKA-induced interaction of Abhd5 and Atgl takes place, and hypothetical models that address this point disagree (1, 19) . Attempts to observe FRET between tagged Abhd5 and Atgl were not successful. Therefore, we turned to BiFC which is highly sensitive because the complemented fluorescence, indicative of Abhd5-Atgl interaction, is nearly irreversible and thus accumulates over time (20) . Cos7 cells were transiently transfected with Plin-ECFP and complementary fragments of Venus fused to Abhd5 and Atgl ( Figure 4A ). Cells in the resting state had low levels of Venus fluorescence and increased fluorescence complementation was detected within 15 minutes of forskolin/IBMX stimulation and accumulated and linearly over time (for video see Supplementary Data Video 1). Although some fluorescence complementation was observed in the cytoplasm, the greatest increase in BiFC was observed on LDs containing Plin, as determined by line scans (4A, lower). Forskolin/IBMX-induced Abhd5-Atgl BiFC was absent in cells expressing phosphorylationdefective Plin (Figure 4B, left) . Furthermore, PKA-induced Abhd5-Atgl BiFC was significantly reduced (but not completely eliminated) in cells expressing the E262K Abhd5 which poorly interacts with Plin ( Figure 4B , right).
Abhd5 and Plin contribute to the control of basal and PKA-stimulated lipolysis in 3T3-L1 adipocytes. The experiments above indicate that
Plin is a negative regulator of basal lipolysis owing to its ability to sequester Abhd5. To validate this prediction in adipocytes, we examined the effects of single and double siRNA knock down of Abhd5 and Plin on lipolysis in differentiated 3T3-L1 adipocytes. As shown in Figure 5A , knockdown of Plin greatly increased basal lipolysis. Knockdown of Abhd5 reduced basal lipolysis somewhat in the presence of Plin. Importantly, Abhd5 knockdown largely eliminated the rise in lipolysis produced by loss of Plin, indicating that Abhd5 lies downstream of Plin in the control of basal lipolysis.
Plin phosphorylation is required for PKAstimulated lipolysis in adipocytes, and this effect appears to involve both Atgl and HSL (4, 8) . To better gauge the role of Abhd5/Atgl during PKA activation we examined lipolysis in the presence of BAY59-9435, a selective and potent inhibitor of HSL that does not inhibit Atgl (21) . As shown in Figure 5B , knockdown of Abhd5 reduced both basal and stimulated lipolysis (p =.007), with the greatest absolute reduction occurring under stimulated conditions. Together, these results indicate that Plin regulates adipocyte lipolysis in part through reversible interactions with Abhd5.
DISCUSSION
Growing evidence indicates Plin plays a central role in organizing lipolytic effector proteins and directing their interactions in a PKA-dependent fashion (19, 22) . Loss of function experiments have clearly demonstrated the importance of Atgl and Abhd5 in the control of basal and stimulated lipolysis (11, 12, 23) , nonetheless, the mechanisms involved are not understood since the specific interactions among molecular effectors of lipolysis have not been directly investigated in cells. We previously proposed a model whereby Plin indirectly regulates Atgl activity by controlling accessibility of its co-activator, Abhd5, in a manner that depends on PKA-dependent phosphorylation of Plin (Supplementary Figure  S3) . According to this model, Abhd5 is sequestered by Plin in the basal state, thereby preventing activation of Atgl and reducing basal lipolysis. PKA activation leads to Plin phosphorylation, release of Abhd5 and subsequent activation of Atgl. This model is consistent with several observations (19) , including the demonstration that Abhd5 is a potent activator of Atgl, and that Plin binds Abhd5 in the basal state and releases it following phosphorylation. Nonetheless, several key elements and predictions of the proposed model have not been established. In fact, an alternative model has been described whereby Atgl regulates basal, but not hormonesensitive lipolysis (1, 22) . According to this model, basal lipolysis is stimulated by a ternary complex containing Plin, Abhd5 and Atgl. Furthermore, the model proposes that Abhd5 is not involved in PKA-stimulated activation of Atgl because it is released into the cytoplasm upon Plin phosphorylation.
The present work explored specific mechanistic relationships among lipolytic effectors with a panel of fluorescent reporters and novel cellular protein-protein interaction assays. Protein complementation assays established that interaction of Abhd5 with Plin and Atgl in live cells is mutually exclusive and that the interaction Abhd5 with Plin predominates under basal conditions.
It is well known that Plin suppresses lipolysis (24) , although the mechanisms involved are poorly understood. The results of protein interaction assays predict that Plin suppresses lipolysis in part by sequestering Abhd5 from Atgl. We verified that knockdown of Plin greatly increases basal lipolysis in 3T3-L1 adipocytes. Importantly, this increase in lipolysis was nearly eliminated by knockdown of Abhd5, indicating that Abhd5 acts downstream of Plin in the control of basal lipolysis. These data do not support a model in which basal lipolysis is mediated by a ternary complex of Plin, Abhd5 and Atgl since loss of Plin promotes basal lipolysis and the interaction of Abhd5 with Plin and Atgl is mutually exclusive.
Previous investigations of the dynamic interactions between Plin and Abhd5 by FRET demonstrated that PKA activation rapidly decreases the molecular proximity between Abhd5 and Plin in a manner dependent upon phosphorylation of one or more PKA sites in Plin (3). Plin is a multifunctional protein and recent work indicates that phosphorylation of specific sites controls distinct functional responses (1) . For example, of the 6 consensus PKA sites, site 5 (S492) is thought to control lipase-independent droplet fragmentation (25), whereas site 6 (S517) is required for full lipase activation (8) . The present experiments indicate that phosphorylation of either site 5 or 6 of Plin is sufficient to release Abhd5. Although release occurs with similar kinetics, it is unclear whether these sites constitute independent means of decreasing the interaction of Abhd5 with Plin. Regardless, identification of these critical PKA sites provided powerful means of testing whether dissociation from Plin is mechanistically linked to its association with Atgl.
We tested whether Plin phosphorylation controls the interaction of Abhd5 with Atgl using PKAdefective Plin mutants, as well as mutant of Abhd5 that does not bind Plin. The results establish that PKA activation promotes the interaction of Abhd5 with Atgl, and this effect requires the initial interaction of Abhd5 with Plin, as well as the phosphorylation of Plin. Importantly, the molecular requirements of phosphorylationdependent dissociation of Abhd5 from Plin, as measured by FRET, are exactly those required for association of Abhd5 with Atgl, as measured by luciferase complementation.
The observation that mutation of PlinA S517 did not affect release of Abhd5 or its binding to Atgl was somewhat surprising since this mutation has been reported to disrupt activation of lipolysis in transfected differentiated mouse embryonic fibroblasts (8) . This indicates that phosphorylation of Plin S517 might perform another function required for lipolysis in addition to promoting the binding of Abhd5 to Atgl. It is also possible that cell background is important; for example, Plin-dependent activation of hormone sensitive lipase appears to require Atgl in some cells but not others (8, 18, 26) Previous immunofluorescence analyses have detailed PKA-induced changes in the subcellular colocalization of endogenous lipolytic effectors (3); however, interpretation of these results was tentative since immunofluorescence analysis was performed on fixed cells and did not detect specific interactions. In contrast, BiFC allows continuous imaging of specific protein-protein interactions in live cells and is thus a powerful means of identifying the subcellular sites of PKAinduced, Plin-dependent Abhd5-Atgl interactions. We established that Abhd5-Atgl BiFC signals were inhibited by Plin in the basal state, and that the PKA-dependent interaction of Abhd5 and Atgl required phosphorylation of Plin, as well as the initial interaction of Abhd5 with Plin. The PKAdependent interaction of Abhd5 and Atgl was detected on intracellular structures that lack Plin as well as lipid droplets containing Plin; however, the greatest increase in that interaction occurred on lipid droplets that contain Plin. Thus, although Atgl is mostly cytosolic in the basal state and sustained PKA activation disperses Abhd5 from Plin-containing LDs, PKA activation clearly increases the interaction of Abhd5 and Atgl at the LD surface.
PKA-stimulated lipolysis involves activation of both HSL and Atgl, which together constitute nearly all triglyceride lipase activity in fat cells (27) . Previous investigators reported that knockdown of Abhd5 reduced lipolysis mediated by these lipases in 3T3-L1 adipocytes (11) . As expected, we found that knockdown of Abhd5 reduced stimulated fatty acid efflux when HSL was inhibited. The magnitude of the reduction reflected the partial knockdown achieved, reinforcing the conclusion that Abhd5 plays a critical role in PKA-activated lipolysis independent of HSL. In addition, Abhd5 contributes to basal lipolysis since its knockdown also reduced HSL-independent fatty acid efflux from unstimulated cells. This is likely due to a small fraction of Abhd5 that are not sequestered by Plin in the basal state. Consistent with this interpretation, we found that expression of Plin did not completely abolish Abhd5-Atgl interaction.
The present work probed the organization and interaction of lipolytic effectors by overexpressing specific reporter constructs. While this may be viewed as a limitation, we note that the subcellular targeting of the reporters in transfected cells corresponds closely to that of the endogenous counterparts in adipocytes (3). Furthermore, the functional impact of these interactions has been verified here and recently elsewhere (12) using RNA interference of endogenous lipolytic effectors.
How the interactions of Abhd5 and Atgl are regulated in tissues lacking Plin, like muscle and liver, is an important area of future research. Available evidence suggests that specific PAT proteins could contribute to cell-specific regulation of stored triglyceride. In this regard, we have recently shown that Plin5 (also known as MLDP and LSDP5) binds Abhd5 in muscle and coordinates its interaction with Atgl (16) . This interaction appears to promote basal lipolysis, but may not be involved in stimulated lipolysis since forskolin does not affect FRET between Abhd5 and Plin5 (Granneman, unpublished) .
In summary, our results demonstrate that Plin regulates the molecular interaction of Abhd5 with its target lipase, Atgl, in a fashion that depends on PKA-dependent Plin phosphorylation. The sequestration of Abhd5 by Plin appears to be a major means by which Plin suppresses lipolysis, and we speculate that compounds capable of interfering with this interaction would mimic Plin phosphorylation and thus promote lipolysis in fat cells. Efforts are underway to identify such compounds as they might serve as leads for novel anti-obesity therapeutics. by guest on November 15, 2017 
